ABSTRACT A description of the Þne structure of the infrared radiation (IR) sensor of Melanophila acuminata (De Geer) and of the role of the wings during ßight in mechanically modulating incoming IR into on and off pulses, supports a thermopneumatic model of IR perception by this insect. The model postulates that pulsed IR, corresponding to wavelengths emitted by Þres, enters an enclosed, airtight, thick-walled cavity in each sensor through an apical epicuticular waveguide and is absorbed by a thin, chitinous endocuticular lamella of the cavity wall. The lamella is heated and in turn heats and expands the enclosed air that then compresses a basal cuticular cap that displaces the tubular body of the sensor, triggering a dendritic impulse and transducing an action potential in the neuron. This process is possible because of the absorption by the chitinous lamella of the wavelengths of IR emitted by Þres resulting in extraordinary IR wavelength discrimination, radiant energy sensitivity, and rapid response time. These properties distinguish the sensor from temperature sensors of insects, sometimes erroneously designated as IR sensors, that respond relatively slowly to broadband wavelength radiation.
AMONG OTHER ADAPTATIONS, THE ability to detect IR from distant forest Þres confers an evolutionary advantage to Melanophila beetles by enabling them to reach and exploit resources (freshly killed trees) before their competitors. Melanophila acuminata (De Geer) is the most common of the 11 known Melanophila species (Cobos 1986 ) that ßy to distant forest Þres or to other heat sources such as oil Þres, cement plants, and campÞres (Evans 1971) . These beetles possess a sensory pit contiguous to the lateral margin of each mesocoxal cavity (Sloop 1937) , and behavioral evidence showed that domed sensors in these pits ( Fig. 1) detect IR in the range of wavelengths corresponding to forest Þre temperatures (Evans 1964 (Evans , 1966a . Corroborative electrophysiological evidence Bleckmann 1997, 1998) , indicating that the sensors are indeed IR receptors, has spurred research to learn more about them, particularly in relation to mechanisms of reception of IR and stimulus transduction.
Studies have been conducted on Þne structure by using transmission electron microscopy (TEM) ; spectral sensitivity (Hammer et al. 2001) ; IR stimulation of sensor by using a 3.39-m wavelength helium neon laser (Hammer et al. 2002) or a monochromatic 2.8 Ð3.5-m wavelength range continuous CO 2 laser (Schmitz et al. 2000) ; ultramicrostructure and microthermomechanics (Hazel et al. 2001) ; photomechanical transduction (Vondran et al. 1995, Schmitz and Bleckmann 1998) ; and characterization by liquid chromatography/mass spectrometry, scanning electron microscopy (SEM), and Fourier transform IR spectrometry (FTIR) (Sowards et al. 2001) . Among other conclusions the two most pertinent here are that the sensor is a highly specialized, phasically receptive mechanoreceptor (Schmitz and Bleckmann 1998) and that the dome absorbs IR, expands, and produces an action potential in the tubular body at the base of the sensor , Sowards et al. 2001 , Campbell et al. 2002 , Hammer et al. 2002 .
However, it is difÞcult to reconcile how a sensor can be selectively irradiated followed by expansion and not the attached wax glands (Fig. 1) , or for that matter not the thick epicuticle continuously blanketing all of the sensors and wax glands in the sensory pit. Or, when the sensor responds to millisecond exposures of IR (Evans 1966a, Schmitz and Bleckmann 1998) , how can the dome expand and contract in such a brief time? Rapidly responding phasic receptors rely on resilin or rubber cuticle to operate this way (Neville 1975) , but no evidence has been presented that resilin is part of the dome structure. Finally, no pathway between expansion of the dome and stimulation of the sensor neuron has been presented.
Published descriptions of the Þne structure of the sensor differ signiÞcantly from those presented in this work. For example, the drawings shown in Fig. 6 of and Fig. 1 of Hazel et al. (2001) show the tormogen, trichogen, and theco-gen cells arising from an epidermis almost as thick as the dome itself. However, in adult M. acuminata the secretory cells have degenerated, and the epidermis is barely discernible under the light microscope (Figs. 2 and 3). Fully developed epidermis in insects is seen only when new cuticle is being laid down (Wigglesworth 1972) so that in sections of developed thoracic and sensor cuticle it is barely visible; in sections of cuticle of pharate M. acuminata adults still secreting cuticle, it is distinct. Also, I suspect that the tissue described in Fig. 6 by as mesocuticle is epicuticle.
Hence, a fresh approach to understanding the functioning of the IR sensor is necessary and, as summarized in Fig. 2 , is based on 1) a description of its Þne structure, 2) on a wing ßapping mechanism of incoming IR signal modulation required for phasic responses, and 3) the development of a thermopneumatic model of IR perception by the sensors where the expansion of radiantly heated air enclosed in the sensor cavity is the trigger for displacement of the tubular body.
Materials and Methods

TEM.
Sensory pits were Þxed overnight in 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.0, rinsed Evans 1975 ). An SEM photograph of a pore at the bottom of an apical pit is shown on the upper left.
Fig. 2.
Composite semidiagrammatic drawing of a sagittal section through the IR sensor and attached wax gland, at the side of the sensory pit, by using preparations viewed with LM, SEM, and TEM. A track of the infrared radiation heating cavity air is shown on the right side of the Þgure. AP, apical pit; CAV, cavity; ENDO, endocuticle, EPC, epicuticle; EPD, epidermis; EXO, exocuticle; RLC, receptor lymph cavity; SC, sensory cell; TB, tubular body; WAV, waveguide; WG, wax gland; WGC, wax gland canal; WGP, wax gland pore. in the buffer, postÞxed for Ϸ6 h in 2% osmium tetroxide in the same buffer, and dehydrated in an ethanol-water series. The dehydrated material was gradually taken to propylene oxide and embedded in Araldite 502. Some material also was embedded in SpurrÕs low-viscosity medium. Purple sections were cut on a Reichert OM-U2 ultramicrotome (Leica Microsystems Nussloch GmbH, Wetzlar, Germany) by using a diamond knife. The sections were picked up on 100 and 200 mesh copper grids, stained with uranyl acetate and lead citrate, and examined at 60 kV in a Philips EM300 transmission electron microscope (FEI Inc., formerly Phillips Electron Instruments. MansÞeld, TX).
SEM. Sensory pits were dissected from adjacent tissue, washed in slightly soapy water with a sonicator, and dried in room air. Some were dry fractured. After attaching them to a stub, they were gold coated and examined in a Jeol SEM (Jeol, U.S.A., Peabody, MA).
Light Microscopy (LM). Sensory pits from fully developed beetles were sectioned and stained following the method of Evans (1966b (Evans 1966a ) subjected head on to moving air (Ϸ2.0 m s
Ϫ1
) from an electric fan at room temperature. Photographs were taken with a 35-mm camera with a macro lens to determine whether the sensory pits are masked during ßight.
Dispersive Spectrometry. The IR spectrum of the wax Þlaments from the sensory pit was obtained by gathering clumps of Þlaments from several beetles; and dissolving them in a wax solvent, a drop of which was placed on a glass slide. In this way, a Þlm of wax was available for IR spectrometry with an Infracord 337 dispersive spectrometer (PerkinElmer Life and Analytical Sciences, Wellesley, MA).
FTIR. IR absorption spectra of a circular 1.2-mdiameter area containing the junction of the costal, subcostal and radial veins at the base of the hind wing and an equivalent area of the membranous part of the hind wing containing a few narrow veins were obtained with a Nicolet 750 Magna FTIR spectroscope, Thermo Electron Corporation, Waltham, MA (formerly Nicolet Instrument Corporation) with an attached microscope.
Results
Sensor Morphology. A description of the gross structure of the sensors, based on LM only (Evans 1966b) , where a cross-section of the sensory pit is shown, has now been revised using SEM, TEM, and LM. When seen in sagittal section (Fig. 2) , an attenuated epidermis extends from the base of the integumental endocuticle up the side of the receptor lymph cavity to the sensor apex (Figs. 2 and 3) then doubles back on itself downwards toward the cuticular cap. The reverse of this process is repeated on the other side of the sensor with the epidermis Þnally looping down the side of the receptor lymph cavity and then to a wax gland canal. Each sensor dome has an invaginated apical pit with one or more pores at the bottom (Figs. 1 and 2). Extending inward from the base of the pit is a 2.14-m-diameter by 3.8-m-long electron dense channel (Fig. 4) of what seems to be inner epicuticle (Neville 1975 , Filshie 1982 . The contact of the inner epicuticular channel with its high refractive index of 1.58 (Neville 1975 ) with lower refractive index endocuticular wall of the channel suggests that it is a waveguide acting like the light-guiding cones and rhabdoms of compound eyes (Snyder 1979 ) and like total internal reßection of IR traveling through Þber optics (Goff 1999) . Instead of being absorbed by the walls of the waveguide, radiation entering it could be reßected from side to side as it travels down its length. The implication here is that the attenuated outer epicuticle in the apical pit and the inner epicuticle of the waveguide are transparent to IR wavelengths corresponding to typical forest Þres (2.7Ð3.6 m) and that they lack chitin, which absorbs strongly in this range (Neville 1975) . The negligible level of chitin in the FTIR absorption spectrum of the hind wing membrane (thus not shown in Fig. 7) , and the absence of chitin in the epicuticle of the hind wing membrane of the locust Schistocerca gregaria Forskal (Acrididae) (Smith et al. 2000) supports this suggestion. The unique conÞguration of the epidermis reßects its developmental role of secreting cuticular structures during metamorphosis. Extending upward from the receptor lymph cavity, the outer epidermis, with its secreting cells facing outwards, could secrete the epicuticle of the dome. When doubling back its secreting cells face inwards and now could secrete the cuticle of the waveguide, the concentric endocuticular layers (lamellae), and the cuticular cap (Fig. 2) . The process is the same on the other side of the sensor. The epidermis then secretes the integumental cuticle and the wax gland and its canals (Fig. 2) . The lamellae consist of layers of an endocuticular matrix of chitin microÞbrils and protein and are difÞcult to count because they become thinner with distance from the epidermis that secretes it, so that the inner layer forming the wall of the cavity is the thinnest with an approximate thickness of 0.3 m. At the sensor base the lamellae become compressed to form a compact structure (Fig. 5) . The electron-lucent nature of the compressed lamellae suggests that this structure is a modiÞed cuticular cap, homologous to the cuticular cap of campaniform mechanoreceptors (Thurm 1964) that consist of chitin microÞbrils and highly resilient resilin (Ashurst 1982 ) that together form a rubber-like cuticle (Neville 1975 ). An integral part of the cuticular cap is the tubular body (Fig. 5 ) that penetrates it almost to the upper lamella and that would be readily deformed if it were assumed that the cuticular cap is compressed. The sensory and wax gland cells project below the epidermis (Fig. 3) , an unusual system, similar in a way to that of the pneumatic pressure receptors of the aquatic insect Nepa cinerea L. (Nepidae) (Thorpe and Crisp 1947) but differing from the description of the IR sensor of Melanophila described by and Hazel et al. (2001) .
Except where they abut the waveguide at the sensor apex, the endocuticular lamellae surround a cavity that seems to be hollow and airtight, a conclusion supported by the following evidence: the hollow cavities shown in Fig. 6 were obtained by a dry fracture viewed with SEM; other hollow cavities were seen in LM and other SEM preparations; glands were not found in the sensor that could secrete a substance in the cavity; the epidermis secretes cuticle so no other material, liquid or solid, is produced by it except epi- cuticular wax and epicuticle only occurs on the dome exterior; and the pores at the base of the apical pit vary so much in size, shape, and number that they must be vestigial remnants of previously open outlets from the cavities to the outside during development that allowed air at ambient pressure into them before becoming sealed.
Each sensor is attached to a wax gland that continually secretes Þne Þlaments of wax that coalesce with other Þlaments to form a Þbrous mass over the sensory pit (Fig. 1) . Radiation reaches the waveguide entrance through gaps between the Þlaments or through the wax itself, which except for a very narrow absorption peak at 3.4 m is transparent to adjacent wavelengths (Fig. 7 ). An earlier suggestion that the major role of the Þbrous mass is to protect the sensors (Evans 1975) is now more relevant because of the vulnerability of the waveguide entrance to obstruction by smoke and dust particles; dust varying in diameter from 0.02 to 20.0 m and smoke from 0.1 to 2.0 m (Gibson 2000) are trapped by the wax Þlaments but dislodged every 2 or 3 d as the Þbrous masses are sloughed off (Evans 1966b (Evans , 1975 . The Þlaments also could reduce the rate of diffusion of water vapor, thereby reducing water loss from the sensors by thickening the more humid boundary layer and shielding the sensors from wind.
Sensor Function. Radiation travels through the waveguide after entering it at the bottom of the apical pit and exiting it through a circular aperture into the cavity. When the diameter of the aperture (2.14 m) approaches the sensed wavelength dimension (2.7Ð3.6 m), diffraction effects are very pronounced so that the radiation is widely spread and absorbed by the thin inner lamella. The latter is chitinous and absorbs strongly in the 2.7-to 3.6-m wavelength range (Fig.  7) . So it is most likely that the absorbed radiation heats the thin lamella and through conduction and convection heats the cavity air which expands and increases the pressure. However, the robust structure of the cavity wall looks as though it functions to resist deformation (Figs. 2 and 6) ; instead, compression of the spring-like cuticular cap (Fig. 5) most likely takes place which deforms the tubular body thus transforming mechanical energy into electrical energy and producing a neural impulse. Ambient atmospheric pressure would not affect the cavity air pressure if the assumption that the cavity is airtight is correct because of the robustness of the cavity wall (think of a submarine). However, even if it did the changes in pressure would be slow and ineffectual because phasic receptive sensors only recognize rapid changes. The Ϸ0.2 by 0.24-mm sensory pit adjacent to the coxal cavity is located Ϸ1.4 mm below the hind wing base, a distance similar to the distance between the Ϸ0.28-mm-wide junction of the costal, subcostal, and radial veins and the hind wing base (Fig. 8) . Viewed from the front, the leading edge of the hind wing is up during the upstroke and the sensory pit is exposed to radiation. When the leading edge is horizontal the junction of the costal, subcostal, and radial veins just begins to mask the sensory pit and completely masks it on the rest of the downstroke. The FTIR absorption spectrum of the heavily sclerotized junction of the costal, subcostal and radial veins matches the absorption spectrum of chitin (Neville 1975, unpublished data) and closely coincides with the spectral sensitivity of the sensors (Fig. 7) . During one complete wingbeat cycle, exposure time and masked time of the sensory pit are equal, assuming that the downstroke: upstroke ratio is unity. Incoming radiation incident on the apical pit of the sensors is thus pulsed at a frequency corresponding to wingbeat frequency, and the resulting modulated IR is perceived by phasically active neurons of the IR sensors. Phasic receptors respond primarily to rates of change of pulsed stimuli rather than to absolute values (Mordue et al. 1980 ), because they repeatedly compare the incoming signal with that of the masked sensor acting as a reference.
The mean WF recorded for seven tethered M. acuminata beetles was 38 Hz with a maximum of 63 Hz, but these values may be an underestimate due to the physiological condition of the beetles that were collected late in the season. Each pulse at a WF of 63 Hz consists of an on-and-off cycle corresponding to the upstroke and downstroke of a hind wing so that the sensor is exposed to a radiant ßux of 0.5(1/63) s ϭ 8 ms, which heats and expands the air in the cavity. There is no signal during the 8 ms when the sensor is masked and the cavity air is able to rapidly cool because of its low heat capacity; the cuticular cap rebounds back to its original equilibrium position because the energy that entered the cavity has been expended doing work and is ultimately entropically absorbed by the surrounding tissue and ßuids.
Assuming that the cuticular cap is cylindrical and can be compressed like a spring, it is possible to follow qualitatively the fate of the energy input into the thermopneumatic system during the upstroke of the hind wing, when the sensor is exposed to radiant ßux, to the displacement of the tubular body. The following variables are used in these calculations: radiant ßux (E) incident on the sensor is 3 ϫ 10 Ϫ13 J m Ϫ2 s Ϫ1 (Evans 1966a ); cavity volume is 105.1 m 3 ; area of waveguide is 3.2 m 2 (although the area of the waveguide intercepting incoming IR is known, its angle of view is not readily measurable so a conservative estimate of the energy incident on the area is used here); area of cuticular cap is 5.5 m 2 ; air temperature in cavity is 295.15K; atmospheric pressure in cavity is 101.325 kPa; C air is volumetric heat capacity of air or the amount of heat in Joules needed to raise a unit volume (cubic micrometers) of the cavity air through a temperature change of 1.0K ϭ 1.2 ϫ 10
; C cavity air is the amount of heat in Joules needed to raise the unit volume 105.1 m 3 of cavity through a temperature change of 1.0K ϭ C air ϫ cavity volume ϭ 1.26 Ϫ13 J K
Ϫ1
; and WF is 63 Hz ϭ 8-ms pulses. The sequence of events are thus as follows: E incident on sensor ϭ 3 ϫ 10 Ϫ13 J m Ϫ2 s Ϫ1 2 E per eight ms pulse ϭ 3 ϫ 10 Ϫ13 J m Ϫ2 s Ϫ1 ϫ 0.008 s ϭ 2.4 ϫ 10 Ϫ15 J m Ϫ2 2 E incident on waveguide area then entering cavity ϭ 2.4 ϫ 10 Ϫ15 J m Ϫ2 ϫ 3.2 m 2 ϭ 7.7 ϫ 10 Ϫ15 J in 8 ms 2 Increase in temperature of air in cavity ϭ E entering cavity/C cavity air ϭ 7.7 ϫ 10 Ϫ15 J/1.26
Assume an 80% efÞciency converting radiant heat to heating air (possibly some absorption of E in the waveguide, conduction into cavity wall, and other losses) ϭ 0.06K ϫ 0.8 ϭ 0.048 actual temperature increase 2 Volume increase in cavity due to heated expansion of air using the Gas Law, where P is pressure, V is volume, and T is temperature A WF of 38 Hz allows more energy into the cavity thus producing a longer stroke of 5.4 nm, whereas a WF of 100 Hz gives a shorter stroke of 1.84 nm. Because 3 Ϫ13 J m Ϫ2 s Ϫ1 is not the threshold energy of IR perception by M. acuminata, the results leave room for a lower energy input into the system, suggesting lower stroke values. Nevertheless, the above-mentioned values are comparable with estimated minimum displacements of 3.0 nm for hair sensors of bees (Thurm 1965 ) and of 4.0 nm for hairs of a cockroach hair plate (French and Sanders 1979) .
Discussion
Conclusions that can be drawn from the abovementioned results make a compelling case for thermopneumatic detection of IR by the sensor of M. acuminata. Notable features of the sensor morphology include back-to-back conÞguration of the two epidermal layers, each secreting different cuticles such as epicuticle and endocuticle, the cuticular cap, and the waveguide. Double epidermal layers also occur after wing eversion at the larval/pupal molt of some insects where one layer secretes the top cuticle of the wing and the other the bottom. In the IR sensor, secretion of the waveguide seems to be the work of one or two epidermal cells positioned next to the waveguide because details of cuticular secretion can vary from epidermal cell to epidermal cell as suggested by Smith et al. (2000) . The cuticular cap is modiÞed endocuticular wall where resilin and chitin layers have been formed, resulting in a resilient, accordion-like structure that could serve as an intermediate in the transduction process. The receptor lymph, among other functions, could serve as a cooling system for the sensor, preventing heat buildup of the cavity wall on the inside, and possibly from ambient heating on the outside. The outer epicuticle functions in the usual way with its wax layer reducing water loss and the inner epicuticle of the waveguide probably adding mechanical strength, a property of epicuticle not generally considered until recently (Smith et al. 2000) . The lamellate wall of the endocuticular cavity is reminiscent of the thick wall of a spherical pressure tank that resists pressure because its shape registers equal pressure at any point on its inner surface. This would be the case in the cavity except that the resilient cuticular cap would be compressed.
The most crucial structure of the IR sensor is the cavity to the extent that all other structures are subservient to its role in the thermopneumatic mechanism. Its spatial conÞguration can be likened to the cylinder of an internal combustion engine where expanding gas converts heat energy to mechanical energy and where all other components of the engine are supportive of this purpose. However, the cavity also provides an answer to the long-held question of what determines the spectral sensitivity of the sensor (Evans 1966a ) that coincides with the wavelengths of radiation emitted by typical forest Þres. Chitin strongly absorbs radiation in these wavelengths and the chitinous wall of the cavity acts like a Þlter that absorbs radiation in the temperature range of Þres but transmits those associated with higher temperatures (Fig. 7) such as reßected sunlight which could mislead the beetles to a source other than a Þre or to radiation from excessively hot Þres that may be detrimental to them.
It is unknown how an 8-ms radiation pulse can heat the inner lamella, which heats the air next to it causing it to expand, and then reverts to its original condition in the next 8 ms. An explanation could be due to the very thin lamella, which because of its low mass and small area heats and cools rapidly; the lamella heats and expands only a thin layer of air adjacent to it, which is enough, however, to increase the cavity volume from 105.1 to 105.117 m 3 , an increase of 0.016%, and to instantly increase cavity pressure (PascalÕs law) by 0.01 kPa or 0.001%. These data may indicate that scaling effects may be involved (where known physical laws are perhaps not applicable ; Vogel 1999) . It is interesting to note that micromachined Golay-type IR sensors use thin Þlms that are 100 nm in thickness (Kenny et al. 1996) .
The action of the hind wings in chopping incoming radiation is the Þrst example of an insect directly modifying an incoming stimulus in ßight and consequently making it detectable by phasic receptors. By doing so, it enables a beetle to instantly track changes in size and intensity of a heat source that may only consist of a small fraction of its Þeld of view. In contrast, other insects respond phasically to stimuli modiÞed at the source through turbulence such as the gypsy moth, Lymantria dispar L. (Lymantriidae), orienting to a pulsed pheromone (Cardé et al. 1984 ) and tsetse ßies, Glossina morsitans morsitans Westwood (Glossinidae) ßying upwind to pulsed heat, moist heat, and carbon dioxide in turbulent plumes (Evans and Gooding 2002) . Commercial pyroelectric infrared detectors such as Heitronics models (Albuquerque Industrial, Briarwood, NY) also chop the incoming signal to avoid thermal drift.
Wings having functions besides locomotion are not unique to M. acuminata. Thermoregulation, warning coloration, startle displays, intraspeciÞc communication by wing patterns and acoustic signals, and dislodging of pollen by high frequency sound are examples of functions found in other insects (Dudley 1999) . It is possible also that pulsing of IR by the hind wings is not entirely passive. Behaviorally invoked control of WF could, for example, enable M. acuminata to increase the energy entering the sensor cavity when a small, distant heat source is Þrst encountered.
This proposed interpretation of the structure and function of the sensors would seem to be a straightforward account of their perception of IR. The mechanism is similar in principle to a Golay cell (Golay 1947), a well-known laboratory thermopneumatic IR detector. IR passing through an infrared-transparent window of the Golay cell into a cavity is absorbed by a membrane that heats and expands the air in the cavity; the resulting increase in air pressure deßects a diaphragm that is detected by a capacitive displacement transducer. This kind of detector is sensitive to a wide range of infrared wavelengths and micromachined versions have recently been fabricated, but compared with the 105.1-m 3 volume of the IR sensor cavity of M. acuminata, their cavity volumes are much higher, i.e., 0.664 9 m 3 (Chevrier et al. 1995) ; 1.15 9 m 3 (Kenny et al. 1996) and 8.0 9 m 3 (Yamashita et al. 1998) ; low frequency response time and electronic noise are also problems associated with these instruments.
The similarity of micromachined Golay cell IR detectors to the M. acuminata sensors has some application to IR detection technology and discussions of IR detection by M. acuminata and by crotaline and boid pit vipers are now being discussed in engineering publications (Stone et al. 2004 ), the popular press ("On the trail of Þre-detecting beetles," New York Times, 11 May 1999), and on the Internet (many references using search protocols). Thus, there is much current interest in the IR sensors of these animals. Although considerable work has been done on the pit receptors of vipers, it is unfortunate that spectral sensitivity information at threshold radiation intensities is lacking, thus undermining the acceptance of a model of IR perception by these animals. More importantly, the sensing distance of the snake pit organ that detects a prey animal has recently been modeled at Ͻ5 cm, a distance that contradicts previous experimental Þnd-ings of Ͼ20 cm (Jones et al. 2001) . Whether pit vipers detect IR is thus unresolved leaving M. acuminata the only animal that clearly does.
Despite many claims of IR sensors in other insects, it is their temperature receptors that are responsible for detecting radiant heat. A recent example is the claim that IR sensitivity triggers thermal avoidance by locusts of radiant heat from a heat lamp (visible and IR spectrum) 7.0 cm away (Robertson et al. 1996) , notwithstanding that temperature receptors are ubiquitous in animals. Another example is that the abdominal sensilla of Merimna atrata (Laporte & Gory) (Buprestidae) are IR receptors (Mainz et al. 2004 ), a designation based on exposures of the sensilla to visible radiation ( ϭ 0.66 m) (Schmitz and Trenner 2003) . The IR sensor of M. acuminata is unique in that it detects narrow-band, low-intensity, millisecond pulses of IR that heats air trapped in tissue as I have postulated, whereas temperature receptors detect broad-band, unpulsed radiant heating of tissue.
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